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Overview

● Goal is to use as much as the existing 
infrastructure as possible for Project X
● Use switchyard tunnel for linac.
● Use existing Booster tunnel
● Use upgraded Booster RF.

– Upgrades to Booster to take into account Project X 
requirements.

● Injection to MI is using present MI-8 line.



  

Aerial Shot



  

Approximate 
position of 
linac and 
bend



  

Siting 1 to 1.5 GeV linac in Switchyard 
Transfer Line

~100m 
for 
1GeV 
linac

Min 
radius of 
14m for 
1% loss 
of H- 
from 
stripping



  

The Injector Chain
● H- source 

● RFQ

● Linac 1.5GeV fits in present enclosures
● Pulsed or CW operation (can feed muon expt)

● Booster/RCS
● Using present MI-8 line to inject into MI/RR.

● Slow spill
● Inject into Tev tunnel from MI using P1 line for slow spill.

● Or spill from mu2e.

● Slip stacking in RR
● Accept 12 Booster batches.

● MI 2MW beam for neutrino experiments.



PrX IC-

1.5 GeV CW H- Linac @ 1mA

Phase 2 Linac upgrade?

In Switchyard Tunnel

1.5 GeV users
1.44 MW total

muons

neutrons

…

RCS evolved from Booster
1.3 × 1013 to 8 GeV @ 20 Hz

BNB / Fast 8 GeV spill

“old” mu2e ring  Kaons
165 kW for 8 GeV 
(slow & fast combined)

Main Injector
1.2 s Cycle

Direct or Boomerang Transfer

Slip Stacking in Recycler
12 batches  6120 GeV Fast Spill

1.6 × 1014  protons / 1.2 s
2.5 MW

2 ms injection
Long flat-bottom or stripping ring



  

Pulsed

● 20Hz linac (1.2 ms pulse length)
● Same frontend as ICD1 except injection is at 

1.5GeV

● Current is 20mA
● <= 200 us to fill Booster
● Remainder of 1.2ms pulse goes to 1.5GeV 

experiments



  

CW

● 1mA CW linac
● Injection into Booster/RCS for <= 4ms at 20Hz.
● Same frontend as ICD2

● Rest of duty factor goes to 1.5GeV experiments.



  

RCS
● Reuse present tunnel
● Redesign lattice

● Increase transition energy > 8GeV

● Injection energy is 1 GeV to 1.5GeV
● Ramp rate is 20 Hz
● Extra cycles (MI is at 10Hz for 1.2 s cycle time, 

1 s cycle time should be considered)
● For 8 GeV experiments

● 1.04e13 protons per batch (this is not a limit) for 
2MW MI beam



  

Increase in Beam Current
● By injecting at a higher energy, we can increase the beam 

current in the new Booster.

● Using the present maximum space charge tune shift at 
injection (400MeV) as starting point, we get the following 
increase injection beam intensity

● Injection at 1GeV gives 2.5x increase
● Injection at 1.5GeV gives 4.3x increase

● Efficiency must be increased

● Reduced injection losses from chopping and higher energy
● Larger aperture through RF
● No notching losses – performed with chopper
● No crossing transition



  

Pros/Cons compared to ICD1/2

● Less digging
● Use existing 

infrastructure like cryo 
CHL is right there, 
power, water etc.

● Booster components 
like correctors, 
septas, RF solid state 
drivers.

● MI test beam, 
switchyard is 
removed.

● Some 
decommissioning of 
Booster components.



Phase Relationships

● Beam is extremely limited in Phase 0
● Booster only has about enough capability for 700 kW NOvA/LBNE (w/o upgrades)
● Every 10 kW for mu2e costs 150kW of neutrino

Assume IC- Phase 2 is 3 GeV linac (ala IC-2v1) - for comparison

● My take (Zwaska): 
● muons and Kaon experiments need to be phased

– Mu2e claim: they need to run the lower intensity experiment to learn how to build the second 
experiment

– Kaons may be in a similar case.
● Neutrino experiments have coveted 2 MW since MINOS and the Proton Driver

NOvA/LBNE mu2e Kaons Other @ 
1.5-3 GeV

Other @ 
8 GeV

Phase 0 700 kW 0-30 kW 0 0 0-10 kW

IC-2v2 Phase 1 700 kW 400 kW 800 kW 800 kW 0-40 kW

IC-2v2 Phase 2 2.3 MW 400 kW 800 kW 800 kW Large ?

IC- Phase 1 2.5 MW 200 kW 150 kW 1.2 MW 15+ kW

IC- Phase 2 2.5 MW 600 kW 1.2 MW 1.2 MW 165 kW



  

Extra Slides



  

Minimum bending radius for 1% 
loss of H- is 14m from magnetic 
stripping.



  

protons

Next 
page

Tevatron 
A Sector

Total Length of Switchyard line
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Total available length for 1 to 
1.5 GeV linac is about 1000 ft 
~ 300m
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10'
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Enclosure B Plan View



  

FODO Lattice for new Booster

● A new FODO lattice with a transition energy of 
10GeV (> 8GeV) and preserves the fractional 
tune of 0.7 for Booster can have the following 
parameters
● Transition energy: 10GeV
● Betatron Tune: 12.7
● FODO length: 11.14m
● Phase advance per cell: 109 deg.
● Bend angle per cell: 8.6 deg
● Total number of cells: 42



  



  



  

Heating by Eddy Current

● Formula for power loss per unit length (W/m) is
●

– Formula is from Chao and Tigner “Handbook of 
Accelerator Physics and Engineering”, page 436.

● For stainless steel pipe of thickness d=0.7mm and 
radius r=2 cm, =1/(1.4 x 106) m, f

ramp
 = 15Hz

● For 1 GeV injection, 8GeV extraction, loss is 
6W/m.

● For 1.5GeV injection, 8GeV extraction, loss is 
5W/m

dP
ds

=3 f ramp
2 Bmax−Bmin

2 r3d /



  



  

RF Power

● Average RF power to beam at 1GeV injection 
energy: 440kW

● Average RF power to beam at 1.5GeV injection 
energy: 400kW
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